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Introduction
In HIV type 1 (HIV-1) infection, an estimated number of viral particles, between 10 8 and 10 10 , are produced and eliminated from the human body per day (1-3). The error-prone viral reverse-transcriptase enzyme and lack of proofreading mechanisms during reverse transcription of the viral RNA results in the frequent incorporation of mutations in the viral genome. The large turnover of virus in combination with the high mutation rate of HIV-1 results in a mixed population of related but distinct virus variants, also termed viral quasispecies (4) . Viral quasispecies are defined by a dominant sequence and a spectrum of mutants, which may be relatively stable for many generations (population equilibrium). Variants within the viral quasispecies are continuously competing, and the dominant sequence reflects the most fit variant at that time point. Due to the introduction of beneficial mutations in the viral genome or changing environmental factors, such as the introduction of antiretroviral agents, a previously minor population may CXC chemokine-receptor 4 (CXCR4) as their main coreceptor (10) (11) (12) (13) (14) (15) . Other chemokine receptors (such as CCR2, CCR3, CCR8, CCR9, CX3CR1) or structurally related molecules (the orphan receptors BOB/gpr15, BONZO/strl33, apj, Chem23) have been identified as coreceptors for entry of HIV-1, as well (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Still, the majority of primary NSI HIV-1 isolates were shown to be restricted to CCR5 usage exclusively (24) (25) (26) . Expanded coreceptor usage, including usage of CXCR4 and possibly additional coreceptors, was associated with more rapid disease progression (27) (28) (29) , but is not a prerequisite for a progressive disease course (26) .
The biological significance of coreceptors other than CCR5 and CXCR4 remains to be established. These molecules seem to mediate entry of only a minority of HIV-1 variants in vitro, and usage of these coreceptors was always in addition to usage of either CCR5 or CXCR4. In an ex vivo lymphoid tissue model, in vitro specificity for CCR3, CCR8, BOB, and BONZO, in addition to CXCR4 usage, did not correlate with additional cytopathicity or reduced sensitivity to CXCR4 antagonists (30) , suggestive of a limited role of minor coreceptors other than CXCR4 for SI HIV-1.
SI phenotype is determined mainly by the second and third variable loop (V2 and V3) of gp120 (31, 32) . Specifically, the presence of a positively charged amino acid at either one or both of two fixed positions of the V3 loop (positions 11 and 25) was highly associated with SI phenotype of primary isolates (33, 34) , which suggests that these amino acids play a crucial role in the interaction of gp120 with CXCR4. Indeed, it has been shown the V1/V2 and V3 regions are involved in the interaction with CCR5, CCR3, and CXCR4 (35) (36) (37) (38) (39) (40) . This fits insights from structural studies in which V3 and a conserved coreceptor-binding site are involved in coreceptor binding. In a trimeric model of the gp41-gp120 complex, V2 juxtaposes V3 and may thus interfere with coreceptor binding (41) (42) (43) (44) .
Though only a limited number of amino acid substitutions in V3 can confer SI phenotype to NSI isolates in vitro (45) , SI conversion occurs in only 50% of HIV-1-infected individuals in the course of HIV-1 infection (9) . This is puzzling in light of the apparent beneficial effect of SI conversion for the viral population, since, theoretically, the potential target-cell population is greatly enlarged through acquisition of the ability to enter cells via CXCR4. The finding that SI conversion seems to occur only once during HIV-1 infection (46) , the rarity of virus variants with intermediate genotypes, and the nongradual character of the evolution from NSI to SI HIV-1 (47) might suggest that the virus evolves to the SI phenotype through less-fit intermediate stages. The relatively low incidence of the SI phenotype, despite the high mutation frequency of HIV-1, might then be explained by an incompetence of these intermediate variants to compete with the well-established NSI virus population.
Once established, SI variants appear to be more replication competent than NSI variants, given the broader target-cell range and the generally higher replication kinetics of SI HIV-1 in vitro (46, 48, 49) . In this light it seems paradoxical that NSI variants persist and may even expand in vivo after the emergence of SI HIV-1 (50) . A possible explanation of coexistence of NSI and SI HIV-1 would be that both phenotypic variants infect distinct target cells within an infected patient. Indeed, recently we showed that NSI variants are isolated mainly from memory CD45RO + CD4 + T cells, whereas SI variants are isolated from both CD45RA + and CD45RO + CD4 + T cells (51) .
To explore the concept that distinct T-cell subsets provide niches for NSI and SI HIV-1 variants, we longitudinally studied in vivo tropism for CD45RA + and CD45RO + CD4 + T cells during NSI to SI evolution. Changes in in vivo tropism of biological virus clones were related to in vitro coreceptor usage, phenotypeassociated mutations in gp120 V3, and molecular phylogeny. Based on differential expression of NSI and SI coreceptors on CD45RA + and CD45RO + CD4 + T cells, three major potential HIV-1 target-cell populations can be distinguished: CD45RA + CXCR4 + CCR5 -; CD45RO + CXCR4 + CCR5 -; and CD45RO + CXCR4 -CCR5 + CD4 + T cells. From these purified subsets we isolated biological virus clones and determined their NSI or SI phenotype. We showed that the differentially expressed coreceptors indeed provide the cellular compartments that allow independent evolutionary pathways and coexistence of NSI and SI HIV-1. Finally, we propose a model of NSI to SI HIV-1 evolution and discuss the biological relevance of niche differentiation for HIV-1 quasispecies behavior.
Methods
Patients. Four patients, ACH039, ACH171, ACH208, ACH490, all of whom developed SI HIV-1 variants during a progressive disease course, were selected ( Figure 1 ). All patients were male homosexual participants of the Amsterdam Cohort studies on HIV-1 and AIDS. In this cohort, the presence of SI HIV-1 variants in peripheral blood is prospectively determined at every visit (in general every 3 months) by cocultivation of 1.10 6 patient PBMCs with 1.10 6 MT2 cells, as described previously (9) . The moment of SI conversion was calculated as the midpoint between the last MT2-negative and the first MT2-positive visit. It is important to note that SI conversion is, by definition, the moment of first detection in the MT2 assay performed on total patient PBMCs, which is not necessarily the moment of first appearance of SI variants in vivo, due to detection limits of the assay.
FACS analysis of cell-surface markers and cell sorting. Cryopreserved patient PBMCs were incubated with mAb's against CD45 RA (phycoerythrin [PE] conjugated), CD45 RO (FITC), and CD4 (Tricolor; all Ab's were obtained from Caltag Laboratories, Burlingame, California, USA), and sorted on a FACStar (Becton Dickinson, San Jose, California, USA), as described (51 (24-48 wells) were performed. Weekly, one third of the culture supernatant was harvested for analysis of p24 production by an in-house ELISA. Cells were resuspended, and half of the cells were transferred to fresh PHA-PBMCs from healthy donors. To determine SI phenotype of the viral clones, 25,000 MT2 cells per well were added to the remainder of the culture, and these were scored by visual inspection for the presence of syncytia from day 3 to day 7. From positive wells in the PBMC cultures, viral stocks were grown, cell-free supernatants were stored, and infected PBMCs were used to confirm SI phenotype by cocultivation with 1.10 6 MT2 cells in a final volume of 3 ml for 10 days. In cases where MT2 infection did not correspond with the U87-CXCR4 infection, the MT2 assay was repeated, and infection was determined by visual inspection of syncytia formation and by p24 ELISA.
The frequency of productively infected cells (F) was calculated assuming a Poisson distribution with the formula F = -ln(F 0 ), in which F 0 is the fraction of negative cultures using the jackknife resampling technique (52) . The frequency of infected cells is expressed as tissue-culture infectious dose (TCID) per 10 6 cells. If less than one third of the wells were positive within a dilution step, viruses were considered to be clonal, since it is unlikely that more than two infected patient cells were present in a single well. Furthermore, no evidence of mixed viral populations was obtained in sequence analyses of tested viral isolates, which underlines the clonality of the isolates obtained by this clonal isolation method.
Determination of coreceptor usage. Coreceptor usage was tested using human astroglioma U87 cells, stably expressing CD4 and one of the HIV-1 coreceptors CCR1, CCR2, CCR3, CCR5, CXCR4, BOB/gpr15, or BONZO/strl33. All coreceptor-expressing cell lines were maintained in Iscove's medium supplemented with 10% FCS, 5 µg/ml polybrene, 100 U/ml penicillin, 100 µg/ml streptomycin, and 1 µg/ml puromycin, and regularly selected for CD4 expression with 200 µg/ml g418. A control U87 cell line expressing CD4 but no HIV-1 coreceptor (U87-CD4) was maintained in the same medium in the absence of puromycin.
CD4 expression on each cell line and CCR1, CCR2, CCR3, CCR5, and CXCR4 expression on the corresponding U87 cell lines was confirmed by flow cytometry or RT-PCR (26) . After finishing the experiments, expression of CD4 and coreceptors on U87-CCR3, CCR5, and CXCR4 was reconfirmed by flow cytometry (data not shown). U87-BOB and U87-BONZO were obtained through retroviral transfer of the U87-CD4 cell line. The transfected cells were maintained in selection medium, and expression of BOB and BONZO was confirmed by RT-PCR (data not shown).
Twenty-four hours before virus inoculation, 10 4 cells per well of each cell line were seeded in 96-well plates. The cells were inoculated in a cell-free manner with a minimum of 10 2 TCID 50 per clone in a total volume of 200 µl. After 24 hours, the cells were washed twice with PBS to remove unbound virus and cultured in 200 µl of medium. At day 7, the cells were transferred to 24-well plates and maintained in 1 ml of fresh medium. Supernatant was collected at 7, 14, 21, and 28 days after infection and analyzed by p24 ELISA. Clones from all patients were tested for the ability to use CCR3, CCR5, and CXCR4. Clones from ACH039 and ACH208 were additionally tested for the ability to use CCR1 and CCR2 and in a random subset (n = 19 and n = 29) for the ability to use BOB and BONZO. In all experiments, the U87-CD4 cell line not expressing an HIV-1 coreceptor was included as a control.
Viral clones were tested for the ability to infect PHAPBMCs from a healthy donor who is homozygous for a 32-bp deletion in CCR5 (CCR5 ∆32/∆32) by inoculation of 10 5 cells per well PHA-PBMCs in a cell-free manner in a 96-well plate and cultured for 21 days. Weekly, half of the cultures were transferred to fresh PHA-PBMCs, and culture supernatant was tested for virus replication using an in-house p24 ELISA.
Sequencing. Viral gp120 V3 sequences were amplified by PCR from DNA isolated from infected PBMC, as described (46) . PCR products were purified and sequenced with the ABI prism BigDye Terminator sequencing kit (Perkin Elmer, Foster City, California, USA) according to the instructions from the manufacturer using primers seq 5 and seq 6 (46, 53) or primer d (54) . Sequences were analyzed on an ABI prism 377 DNA sequencer. A number of sequences were available from previous studies (46, 53) . For ACH039, accession numbers are: AF022258, AF022262, AF022263, AF022267, AF022271, AF022273, AF022274, AF022277, AF022278, AF022280-AF022283, AF022287-AF022291, AF022293, AF022294, and AF022299-AF022301. For ACH208, accession numbers are: AF021477, AF021494, AF021499, AF021500, AF021502, AF021503, AF021505, AF021510, AF021514, AF021518, AF021523, AF021524, AF021532, AF021533, AF021536, AF021607, AF021608, AF021612-AF021614, AF021616-AF021618, AF021620, AF021622, AF021627-AF021630, AF021639, AF021647, AF021650, AF021651, and AF021668-AF021670. Newly generated sequences are deposited in Genbank under accession numbers AF180907 to AF180916 (ACH039); AF259011 to AF259052 (ACH171); AF180898 to AF18096 (ACH208); and AF258957 to 259010 (ACH490).
Phylogenetic analyses. Envelope V3 region sequences were aligned using ClustalW (version 1.7) (55) and checked manually. Alignments were displayed and consensus sequences were calculated using PRETTY (GCG package version 8; Genetics Computer Group, Madison, Wisconsin, USA). Phylogenetic analyses were produced using the neighbor joining method (NEIGH-BOR) as implemented in the Phylip package (version 3.5c) (56) . Endgaps were excluded from analyses, leaving 348 nt (ACH039), 297 nt (ACH171), 160 nt (ACH208), and 339 nt (ACH490) of sequence data for analyses. Distance matrices were produced in DNADIST using the maximum-likelihood model for nucleotide substitutions, which corrects for differences in nucleotide frequencies and different transition and transversion ratios (Ti/Tv ratio). PUZZLE (version 4.0.2) (57) was used to estimate Ti/Tv ratios from the data sets, which were used as input for DNADIST (Ti/Tv ratio of 1:72; 2:54; 1:27, and 2:71 for sequences from ACH039, ACH171, ACH208, and ACH490, respectively). For bootstrapping, SEQBOOT, DNADIST, NEIGHBOR, and CONSENSE (Phylip package) were used. Phylip's DRAWTREE was used to prepare the plots. A phylogenetic tree of all sequences from all patients was constructed. Within-patient sequences clustered together and apart from sequences from other patients with high bootstrap values (over 98% of 50 bootstrap analyses), indicating that no mixup had occurred during handling and processing of samples and sequence data (data not shown). Pairwise hamming distances, the number of different nucleotides between each pair of sequences, were calculated using DISTANCES (GCG package).
Results

NSI to SI conversion during the course of HIV-1 infection.
To analyze evolution of cellular tropism and coreceptor usage during transition from NSI to SI HIV-1, four patients who developed SI variants during follow-up were selected from the Amsterdam Cohort Studies on HIV-1 infection and AIDS. The course of infection as reflected by changes in CD4 + T-cell numbers and serum viral RNA load is depicted in Figure 1 . In two of the patients SI variants were first detected within 1.5 years after seroconversion (16 and 14 months, ACH039 and ACH208, respectively). In the other patients, SI conversion occurred 5 (ACH171) and 6 (ACH490) years after seroconversion. To isolate SI variants as early as possible after their first appearance, biological clones were isolated from several time points encompassing the estimated moment of SI conversion. In addition, time points were selected well before and after the moment of SI conversion.
Tropism of SI HIV-1 for both CD45RO + and CD45RA + CD4 + T cells. Previously, we demonstrated in a cross-sectional study that NSI HIV-1 variants are mainly isolated from CD45RO + CD4 + T cells, whereas SI HIV-1 variants can be isolated from both CD45RA + and CD45RO + CD4 + T cells. Here, we longitudinally study in vivo tropism for these T-cell subsets in two patients (ACH171 and ACH490) in relation to SI conversion. Clonal virus isolation was performed on total PBMCs and purified CD45RA + and CD45RO + CD4 + T cells from six sequential PBMC samples, obtained during a 40-month period spanning the moment of SI conversion.
The frequency of cells infected with either NSI or SI HIV-1 (hereafter, NSI or SI load) in total PBMCs and purified CD45RA + and CD45RO + CD4 + T cells is depicted in Figure 2a . Throughout infection, NSI variants were predominantly isolated from CD45RO + CD4 + T cells, though NSI variants could be isolated from CD45RA + CD4 + T cells, as well (Figure 2a ). NSI load in CD45RO + T cells is about 100 times and 40 times higher than NSI load in CD45RA + T cells in ACH171 and ACH490, respectively (Figure 2b ). Up to 20 months after SI conversion, SI variants were also isolated predominantly from the CD45RO + CD4 + T cells. However, at 2 years after SI conversion, SI load was slightly higher in CD45RA + than in CD45RO + CD4 + T cells (approximately 1.5 times in both patients, Figure  2b ), indicating that especially late-stage SI variants differ from NSI variants with respect to tropism for CD45RA + and CD45RO + cells. At this time point, CD45RA + CD4 + T cells were exclusively infected by SI clones, whereas CD45RO + cells were infected by both NSI and SI HIV-1 (Figure 2c) .
Evolution of coreceptor usage of NSI and SI HIV-1 variants. We analyzed whether the gradual evolution of SI variants from preferential tropism for CD45RO + CD4 + T cells to preferential tropism for CD45RA + CD4 + T cells is reflected by evolution of coreceptor usage after SI conversion. In addition to clones obtained from CD45RA + and CD45RO + CD4 + T cells from ACH171 and ACH490, we analyzed clones from ACH039 and ACH208, available from a previous study (46) . Coreceptor usage was analyzed by the capacity to productively infect U87 cell lines stably expressing CD4 in combination with either CCR3, CCR5, or CXCR4. Clones from ACH039 and ACH208 were additionally tested for the ability to infect U87-CCR1, U87-CCR2, U87-BOB, and U87-BONZO. None of the tested clones were able to infect these cell lines (data not shown). A U87 cell line expressing only CD4 but no coreceptor was included, but remained uninfected in all experiments (data not shown).
In all patients, the majority of NSI variants were restricted to CCR5 usage throughout infection (108 of 111 clones: 97% (Figure 3a) . In line with their tropism for MT2 cells, the majority of SI HIV-1 variants were able to infect the U87-CXCR4 cell line (83 of 100 clones: 83%). CCR3 usage was observed only in addition to CXCR4 usage in three of the patients (ACH039, ACH171, ACH490). Interestingly, in three out of four patients, early SI variants were able to use both CCR5 and CXCR4 (R5X4 or R3R5X4), whereas at the last time point analyzed the majority (67%, ACH171) or all (ACH039, 208, 490) of the SI variants were restricted to usage of CXCR4, either in combination with or not in combination with CCR3 (X4 or R3X4 variants). Thus, the capacity to use both CCR5 and CXCR4 seems to be an early stage in the evolution of SI HIV-1, whereas latestage SI variants lost the ability to infect cells via CCR5.
Unexpectedly, MT2 tropism did not correlate absolutely with the capacity to productively infect U87-CXCR4 cells. A minority of non-MT2-tropic NSI variants were able to infect the U87-CXCR4 cell line (3%), whereas, especially in ACH490, MT2-tropic variants were detected that were unable to infect the U87-CXCR4 cell line (Figure 3a) . We excluded the possibility that low contaminating amounts of SI HIV-1 in NSI isolates explained low-level infection of MT2 cells by reisolation and sequencing of virus after infection of MT2 cells with these isolates. Passage through MT2 cells would rapidly select for SI sequences if contaminating SI HIV-1 were present; however, SI sequences were not observed in any of the reisolated viruses (data not shown). MT2 cells do not express CCR5, as assessed by FACS analyses or RT-PCR (data not shown); therefore, it is unlikely that entry into MT2 cells was mediated by low-level expression of CCR5. Alternatively, the discordance between infection of MT2 and U87-CXCR4 cells might indicate low affinity of the viral clones for CXCR4.
To further confirm data from MT2 and U87 cells, we determined the capacity of the viral clones to infect PHAPBMCs from a healthy donor homozygous for the CCR5 ∆32 deletion (CCR5 ∆32/∆32). These cells do not express CCR5 on their cell surface, therefore entry must be independent from CCR5. The vast majority of X4 SI clones (98%) were able to infect the CCR5 ∆32/∆32 PBMCs, whereas none of the R5 NSI variants tested (n = 80) were able to infect CCR5 ∆32/∆32 PBMCs (Table 1 ). Viral clones with a discordant phenotype (i.e., the R5X4 non-MT2-tropic and R5 MT2-tropic variants) were unable to infect CCR5 ∆32/∆32 PBMCs (n = 20), supporting the idea that CXCR4 usage of these variants is highly inefficient and may depend on the cell type used. These clones may represent evolutionary intermediates in NSI to SI conversion.
Mutations in V3 loop of gp120 associated with CXCR4 usage. Since we observed a gradual evolution of tropism for CD45RO + to CD45RA + cells and a concurrent evolution of coreceptor preference after SI conversion, we studied evolution of the third variable (V3) loop-spanning region of gp120. The deduced amino acid sequences of the V3 loops and viral phenotype of the clones are depicted in Figure 4a .
In agreement with earlier findings (34), all clones from ACH171, ACH208, and ACH490 that were able to use CXCR4 in MT2 cells, U87-CXCR4 cells, and PBMCs carried a positively charged amino acid at either position 11 or 25 of the V3 loop. Early X4 clones from ACH490 were atypical in this respect, since no positively charged amino acid was observed at these positions. Late-stage X4 clones from this patient did display a positively charged arginine at position 25.
A major role has been attributed to the charge of the V3 loop for interaction with CXCR4. The absolute number of positively charged amino acids and the net positive charge of the gp120 V3 loop by viral phenotype are depicted in Figure 4b . V3 loops of X4 or R5X4 clones have a higher net charge or absolute positive charge than R5 clones from the same patient in three of the four patients. Unexpectedly, no association between charge and CXCR4 usage was observed among clones from ACH171, indicating that not merely the number but also the position of positively charged amino acids is important for the interaction with CXCR4. Furthermore, a highly positively charged V3 loop does not warrant X4 usage, since clones with a net charge of +7 to +8 were isolated (ACH171 and ACH490) that nevertheless were unable to use CXCR4 in MT2 or U87-CXCR4 cells.
We observed an evolution from the capacity to use both CCR5 and CXCR4 to a CXCR4-restricted phenotype among SI clones. In all patients, the charge of the V3 loop of R5X4 variants and X4-restricted variants were similar (Figure 4b) . Furthermore, the presence of R5X4 clones with a net V3 charge up to +9 indicates that a highly positive charge does not exclude CCR5 usage per se. Therefore, loss of CCR5 usage was not due to a further rise of V3 charge.
Continuous evolutionary divergence of NSI and SI HIV-1. The molecular evolution of the V3-spanning region of gp120 of HIV-1 clones with different coreceptor usage is shown in unrooted neighbor joining trees in Figure  5a . In general, a large evolutionary distance between (X4 and R5X4) SI clones and R5 NSI clones can be observed. This divergence between R5 and X4 HIV-1 population is stable in bootstrap analyses, with values ranging from 77% to 89% of 100 replicate bootstrap analyses. Although, in patient ACH171, the majority of the R5X4 and X4 clones also clustered apart from R5 clones with high bootstrap value (96%), two early R5X4 clones clustered with R5 clones. Once CXCR4 usage was established, the V3 regions of both NSI and SI populations continued to evolve, as reflected by an ever-increasing distance between NSI and coexisting SI clones.
To analyze the evolutionary divergence from R5 clones to R5X4 and X4 clones, we calculated pairwise hamming distances between the viral clones. The evolutionary distance between R5 and R5X4 clones was lower than the distance between R5-and X4-restricted clones (in ACH208 and ACH039), underlining the intermediate character of R5X4 clones in the evolution of SI HIV-1. In this respect, ACH171 is exceptional, since R5X4 clones cluster with X4 clones in an evolutionary tree (Figure 5a ) and divergence from R5 to X4 clones is similar to R5 to R5X4 clone (Figure 5b ), indicating that loss of CCR5 usage may not be associated with mutations in the V3 region, at least in this patient. Viral clones with discordant phenotypes that were able to use CXCR4 in either MT2 or U87-CXCR4 cells, but unable to infect CCR5 ∆32/∆32 PBMCs, clustered in all patients with R5 clones (Figure 5a ). If these variants indeed represent early intermediates in the evolution to efficient CXCR4 usage, this finding would indicate that regions outside the V3 region, or only minor mutations in gp120 V3 region, might confer low affinity for CXCR4.
SI HIV-1 variants isolated from CD45RA + and CD45RO + CD4 + T cells are phenotypically and evolutionarily indistinguishable. We observed that SI HIV-1 variants can be isolated from both CD45RA + and CD45RO + CD4 + T cells. For ACH171 and ACH490, we analyzed whether SI HIV-1 clones isolated from these T-cell subsets differed with respect to coreceptor usage or V3 sequence. With respect to coreceptor usage, R3X4, R5X4, R3R5X4, and X4 HIV-1 variants could be isolated from both subsets in similar proportions, suggesting that coreceptor preference other than CXCR4 usage does not determine differential tropism for CD45RA + and CD45RO + CD4 + T cells of SI HIV-1 (Figure 6a) .
Pairwise hamming distances between CXCR4 using clones isolated from CD45RA + to clones from CD45RO + CD4 + T cells were compared to the hamming distances of clones within CD45RA + and CD45RO + cells ( Figure  6b ). Divergence between clones from CD45RA + to clones from CD45RO + CD4 + cells did not exceed diversity of clones within the CD45RO + and within the CD45RA + CD4 + T-cell subset. Thus, clones from CD45RA cells and CD45RO cells are phenotypically and phylogenetically indistinguishable, suggesting a dynamic exchange of R5X4 and X4 clones between those T-cell subsets.
Differential HIV-1 coreceptor expression on CD45RO -and CD45RO + CD4 + T cells. The divergence of NSI and SI variants with respect to V3 sequence and coreceptor usage is compatible with the idea that both variants infect different target cells within the CD4 + T-cell population. However, within the CD45RO + CD4 + T-cell subset, NSI and SI variants persistently coexisted. To analyze whether distinct NSI and SI target-cell populations can be distinguished within the CD45RO + CD4 + T-cell population, we determined the expression of CCR5 and CXCR4 on CD45RO + and CD45RO -CD4 + T cells by four-color flow cytometry on cryopreserved PBMCs obtained at 7 to 20 months after SI conversion
Figure 7
Expression of CCR5 and CXCR4 on CD45RO -and CD45RO + CD4 + T cells. Cryopreserved PBMCs from HIV-1-infected patients and a healthy donor were incubated with mAb's against CD4, CD45RO, CCR5, and CXCR4. The CD45RO -(top) and CD45RO + CD4 + T cells (bottom) were gated. Within these subsets, CCR5 and CXCR4 expression was determined. Numbers in the figures depict percentage of gated cells in the corresponding quadrants. A representative healthy donor from eight unrelated donors is shown. (2) 100 (9) 100 (10) A Virus clones were tested for the ability to establish productive infection of PHA-PBMCs from a donor who is homozygous for 32-bp deletion in the CCR5 gene (CCR5 ∆32/∆32). Percentage of clones with the designated tropism for MT2 cells and coreceptor usage in U87 cells that were able to productively infect CCR5 ∆32/∆32 PBMCs are indicated. Numbers in brackets indicate the absolute number of clones analyzed. MT2 -, non-MT2-tropic; MT2 + , MT2-tropic.
and among eight healthy donors. Within the CD45RO -CD4 + T-cell subset, the majority of the cells were CCR5 -CXCR4 + , both in healthy donors (average 96% of eight donors, range 94-97%) and HIV + patients (82%-95%, Figure 7 ). CCR5 expression in this subset was low, ranging from 2% to 5%. However, among CD45RO + CD4 + cells, a divergent expression pattern was observed in HIV-1-infected patients as compared with healthy donors. In healthy donors, the majority of the CD45RO + cells were CXCR4 + CCR5 -(on average 71%, range 59-78%) or CCR5 + CXCR4 + (17%, range 10-21%). In contrast, a differential expression of CCR5 and CXCR4 was observed in CD45RO + CD4 + T cells in HIV-1-infected patients.
In this T-cell subset, major populations of CXCR4 + CCR5 -(16-43%) and CXCR4 -CCR5 + (19-28%) cells and a population negative for both HIV-1 coreceptors (18-45%) can be distinguished. The aberrant expression of coreceptors in HIV-1-infected patients is not due to the presence of SI HIV-1 variants, since similar results were obtained from samples obtained well before SI conversion (25 and 10 months, ACH171 and ACH490) and could also be observed in patients infected with only NSI variants (data not shown).
CD45RO Figure 8a . In all SI HIV-1-infected patients, virus could be isolated from both CXCR4 + CCR5 + and CXCR4 -CCR5 + CD45RO + CD4 + T cells. To exclude that the presence of HIV-1 in CXCR4 + CCR5 -cells was a late-stage effect of HIV-1 infection rather than a reflection of SI HIV-1 infection, we also included a patient (ACH001, 7 years after seroconversion) who developed AIDS in the absence of SI HIV-1 variants. In this patient virus was isolated mainly from the CCR5 + CD45RO + CD4 + cells (Figure 8a ). The phenotype of the viral clones obtained from these subsets as defined by the ability to infect MT2 cells and CCR5 ∆32/∆32 PBMCs is depicted in Figure 8 , b and c. From the CD45RO -cells we isolated only SI HIV-1 clones that were able to infect CCR5 ∆32/∆32 PBMCs. The majority of the clones isolated from CCR5 + CD45RO + cells had an NSI phenotype (86%), and none of these clones were able to infect PBMCs lacking CCR5 expression. The majority of the clones isolated from CXCR4 + CD45RO + cells had an SI phenotype (75%) and was able to infect CCR5 ∆32/∆32 PBMCs (57%). However, NSI R5-dependent clones were isolated from these cells as well in three of the patients. Interestingly, in these patients a relatively high number of CD45RO + cells expressed both CCR5 and CXCR4 (Figure 7 ). Chemokine receptors can be upregulated and downregulated rapidly in response to the proper stimuli (58) . Therefore, it is likely that in these patients cells expressed both CCR5 and CXCR4 at the moment of infection, thus allowing infection with R5-dependent clones, after which CCR5 expression was downregulated. The prevalence of SI, R5-independent HIV-1 clones among CXCR4 + CD45RO + is higher than the prevalence in CCR5 + CD45RO + cells (Wilcoxon signed rank test, P = 0.07; Figure 8d ). Taken together, these data show that based on coreceptor expression two distinct target-cell populations can be distinguished within the CD45RO + CD4 + T-cell subset, providing cellular niches for NSI and SI HIV-1.
Discussion
We studied changes in HIV-1 coreceptor usage, viral tropism for CD45RA + and CD45RO + memory CD4 + T cells, and molecular phylogeny of biological cloned virus in four patients during NSI to SI HIV-1 evolution. NSI HIV-1 variants were always isolated predominantly from the CD45RO + T cells, independent of the presence of coexisting SI variants. Just after their emergence, SI variants were also isolated mainly from the CD45RO + cells, but with time an equal distribution over CD45RO + and CD45RA + CD4 + T-cell subsets was established, in agreement with previous observations from a cross-sectional study (51) .
CD45RA + CD4 + T cells may also include non-naive CD4 cells, especially in HIV-1 infection (59 (64, 65) . Although naive CD4 T cells are considered to be inactivated and nonproliferating, it has been shown that resting naive CD4 cells can be induced to proliferate by a combination of cytokines without a switch to the memory phenotype (66) . Moreover, it was published recently that the cell-proliferation marker Ki67 is expressed among truly naive CD4 cells in HIV-1-infected patients at higher levels than in healthy donors (67) . The enhanced activation state of naive cells in HIV-1 infection may provide the necessary intracellular requirements for replication of HIV-1 and explain discrepancies between in vivo and in vitro infection of naive cells.
In line with their restricted tropism for CD45RO + CD4 + T cells, the vast majority of NSI isolates were restricted to CCR5 usage in U87 cells. In agreement with a dependence on CCR5 usage, NSI clones were unable to infect PBMCs from a donor with a CCR5 ∆32/∆32 genotype. In three patients, early SI variants could use both CCR5 and CXCR4, whereas late-stage SI clones lost the ability to use CCR5. CCR3 usage was observed in three of the patients only in addition to CXCR4 usage of both early and late-stage SI HIV-1 variants. In phylogenetic trees, R5X4 clones, in general, clustered between R5 clones and late-stage X4 clones, indicating that dual tropism for CCR5 and CXCR4 is an intermediate stage in evolution of SI HIV-1. The continuous divergence between CXCR4-using clones and R5 clones in phylogenetic trees reflects a continuous evolution of V3 gp120 from the acquisition of CXCR4 usage onward. This may implicate that the structure of gp120 continues to evolve to optimize interactions with CXCR4.
It has been proposed that interaction of gp120 with CXCR4 is due mainly to electrostatic interactions between the positively charged conserved coreceptorbinding site and V3 loop in gp120 and negatively charged extracellular domains of CXCR4 (43, 44) . In agreement with this, in three of the patients the V3 loop of R5X4 and X4 clones in general had a higher positive charge than the V3 loop of R5 clones. Howev-er, in one patient, the acquisition of CXCR4 usage was not accompanied with an increase in V3 charge, despite the concurrent appearance of a SI phenotype-associated positively charged amino acid at position 11. No further increase in charge of the V3 loop of CXCR4-using clones was observed upon the eventual loss of R5 usage. Taken together, these results show that a highly positively charged V3 loop does not exclude CCR5 usage per se, and, importantly, a highly positive charge does not warrant CXCR4 usage, suggesting a complex interaction of gp120 with CXCR4 in which both charge and structure of V3 play an major role.
The divergence of NSI and SI variants with respect to V3 sequence and coreceptor usage and their coexistence throughout infection are compatible with the idea that they occupy different niches within the CD4 + T-cell population. Since in a viral quasispecies virus variants are constantly competing for the available target cells, one would expect that a variant with a slight growth advantage would outcompete the less-fit virus variants if the same niche is occupied (principle of competitive exclusion; ref. 4) . Although SI HIV-1 variants are isolated mainly from CD45RA + CD4 + T cells, NSI and SI HIV-1 populations persistently coexist within the memory CD45RO + CD4 + T cells.
Here we showed that within the CD45RO + T-cell subset, HIV-1 coreceptors CCR5 and CXCR4 are differentially expressed. In vivo NSI and SI HIV-1 variants were distributed over these subsets according to their coreceptor preference. From CCR5 + CXCR4 -CD45RO + CD4 + T cells, exclusively CCR5-dependent virus strains were isolated, whereas the majority of the viral clones obtained from CCR5 -CXCR4 + CD45RO + CD4 + T cells were MT2 tropic and able to use CXCR4 in PBMCs. Therefore, we conclude that within the CD45RO + CD4 + T-cell subset, CCR5 + CXCR4 -and CCR5 -CXCR4 + cells are the distinct cell populations that function as distinct cellular niches for NSI and SI HIV-1 variants. Furthermore, we showed that SI variants isolated from CD45RA + and CD45RO + CD4 + T cells were phylogenetically and phenotypically indistinguishable, indicating that CD45RA + and CXCR4 + CCR5 -CD45RO + CD4 + cells represent one single niche for SI HIV-1 variants.
Besides explaining coexistence, circumvention of competition and independent evolutionary pathways of NSI and SI HIV-1, niche adaptation may result in a differential encounter of environmental and intracellular factors. This is in agreement with previous findings showing a differential effect of NSI and SI HIV-1 in response to monotherapy with AZT and ddI (68) , nucleoside analogues that depend on phosphorylation by cellular kinases for their activity.
Based on the results described in this study, we propose a model of continuous virus evolution during and after the conversion to SI HIV-1. NSI clones are CCR5 restricted and therefore able to infect CCR5 + CD45RO + memory CD4 + T cells throughout infection. NSI infection of CD45RA + -naive CD4 + T-cell infection also occurs, though at low frequency due to low numbers of CCR5-expressing CD45RA + CD4 + T cells. Mutations introduced in gp120 in the proper structural context may result in a low affinity for CXCR4. Still, these variants preferentially use CCR5 in vivo and therefore have to compete with the coexisting and well-adapted NSI population for the same CCR5-expressing target-cell population. Only upon the acquisition of a combination of additional mutations, generally including the positively charged amino acid at either position 11 or 25 in the V3 loop, efficient CXCR4 usage is obtained. The acquisition of high affinity for CXCR4 might occur initially at the expense of viral fitness, which would then explain the large evolutionary gap between NSI and SI HIV-1 and why SI variants do not occur in all HIV-1-infected individuals. After acquisition of efficient CXCR4 usage, the target-cell population of the SI HIV-1 variants is extended to include the CXCR4 + CCR5 -(CD45RA + and CD45RO + ) CD4 + T cells. Infection of these cells offers the opportunity to avoid competition with the NSI virus population, which may be highly replication competent, especially late in infection (69) . The existence of distinct cellular niches for NSI and SI HIV-1 allows SI variants to expand in an environment where they are outnumbered initially by the NSI population and eventually reach equal levels as NSI variants. Further adaptations in gp120 may exclude the capacity to use CCR5 because of structural constraints, explaining the eventual loss of the ability to use CCR5 by late-stage SI variants. Eventually, two independent virus populations are established with two distinct target-cell populations: a CCR5-dependent NSI HIV-1 population that, within the T-cell pool, infects CCR5 + CXCR4 -memory CD4 + cells and a CXCR4-restricted SI HIV-1 population that infects naive and CXCR4 + CCR5 -memory CD4 + T cells.
